The reaction of the ground state methylidyne radical CH (X 2 Π) with pyrrole (C 4 
Introduction
The methylidyne radical (CH) is one of the most reactive hydrocarbon radical species and plays an important role in combustion chemistry, 1, 2 the interstellar medium 3 and the photochemistry of planetary atmospheres, in particular on Titan, one of Saturn's moons. 4 The extreme reactivity arises from one singly occupied and one vacant non-bonding molecular orbital localized on the carbon atom. 5 Rate constants for the reaction of CH with numerous hydrocarbons ranging from methane (CH 4 ) 6,7 and acetylene (C 2 H 2 ) 7 to much larger Polycyclic Aromatic Hydrocarbons (PAHs) like anthracene (C 14 H 10 ) have been measured. 8 With small unsaturated hydrocarbons, the reaction proceeds by either direct CH insertion or addition followed by elimination of one H atom from the intermediate adduct. 5, 9, 10 Recently Goulay and coworkers 5 measured isomeric branching fractions in the reactions of CH with several unsaturated hydrocarbons. In general, reactions involving the CH radical are fast, barrierless 11 and occur with high exothermicity. In astrobiology, it is believed that organic ring compounds, including Nheterocycles, could have played an important role in the co-evolution of life and planetary environments in prebiotic chemistry. 12 In that respect, Titan, the intriguing satellite of the Solar system with a substantial atmosphere composed of mainly molecular nitrogen (N 2 ) and methane (CH 4 ), is a captivating object to the scientific community. Indeed, its organic-rich (both hydrocarbons and nitriles), low-temperature atmosphere and photoactive haze present many analogies with the primitive Earth. 13 In attempts to simulate Titan tholin and prebiotic chemistry in laboratory experiments, 14, 15 pyrrole and pyridine have been identified 16 as key molecules in addition to other molecular species including N-containing polycyclic aromatic compounds.
Nevertheless, the respective (bio)chemical functions of pyrrole and pyridine may be profoundly different due to their intrinsic structural difference. Pyridine is structurally close to benzene (C 6 H 6 ) where a CH group has been replaced by a N atom (see structures in Figure 1) , and yet it exhibits a different reactivity compared to its homocyclic counterpart. At a minimum, pyridine has a net dipole moment (µ D = 2.19 Debye) 12 compared to benzene, which has no net dipole moment, and therefore could interact differently with polar and charged compounds. Both pyrrole and pyridine follow Hückel's rule and therefore have aromatic properties. However, the lone pair of electrons on the nitrogen atom in pyridine is not delocalized in the aromatic ring as they are in pyrrole. This difference accounts for the basicity of pyridine with chemical properties often close to tertiary amines. With the availability of the lone pair electrons, pyridine can act as a Nnucleophile or ligand without disrupting the resonance stabilization conferred by aromaticity.
In devising more elaborate photochemical models 4, 17, 18 to understand the complex nature of Titan's atmosphere, accurate experimental data is vital. 4 Both kinetic measurements and accurate product identification including branching ratios are integral to reliably assess the role and importance of hydrocarbon and nitrile species in the evolution of Titan's atmosphere. Pyrrole and pyridine provide archetypal examples of how fundamental physical and chemical properties could be significantly different for two cyclic molecules that differ by only one carbon atom. Key small N-heterocyclic species like pyrrole and pyridine are among those that are likely to be important. Reactions of these molecules with radical and/or ionic species subsequently could give rise to larger nitrogen containing carbonaceous species. Ricca and coworkers 19 have shown that inclusion of a nitrogen atom into a PAH could promote the formation of additional hydrocarbon rings by lowering the ring closing barrier. Ultimately, these molecules could contribute to the formation of much larger Polycyclic Aromatic Nitrogen Heterocycles (PANHs) that are believed to play an important role in interstellar chemistry.
Furthermore, both pyrrole and pyridine are important sources of the so-called "fuel nitrogen" in processes leading to the combustion-generated air pollutant, nitric oxide (NO), from coal and coal-derived fuels. 1 Typically, coal contains 0.5 -2.5% of nitrogen by weight, 20 most of which occurs as heterocyclic aromatic rings or ring clusters, i.e. stored in pyrrolic and pyridinic structures. 21 In understanding the mechanisms and modeling of combustion processes, in particular for nitrogen containing molecules, it is necessary to have a detailed knowledge of the reactivity of such heterocyclic molecules with other species, e.g. CH radicals, in the gas-phase. In addition, N-containing aromatic molecules, for the same reason stated in the paragraph above, could also contribute to molecular weight growth, leading to the formation of soot particles in combustion flames.
In this paper, we report the direct product detection of the gas-phase reaction of the CH radical with pyrrole as shown in Eq. 1 below (1 kcal = 4.184 kJ):
The reaction has been studied at room temperature ( 
Experimental Apparatus
The CH (CD) + pyrrole (C 4 H 5 N) reaction has been studied in a slow flow reactor coupled to tunable VUV synchrotron radiation at LBNL. 22 The experimental setup, 22 inspired by the general PIMS design of Slagle and Gutman, 23 has been described in previous studies [24] [25] [26] and only a brief overview will be given here. Typically, the gas flow consists of small amounts of the radical precursor (CHBr 3 , 2.0 x 10 13 cm -3 ) and the reactant (pyrrole, 5.0 x 10 14 cm -3 ) in helium carrier gas. A small amount of N 2 is added to the main flow to quench any vibrationally excited CH radicals. 5 All flows are metered using calibrated mass flow controllers. In our experiment, the photolysis fluence is typically ~15 mJ/cm 2 in a ~20 ns pulse duration inside the flow tube. The repetition rate of the laser is 4 Hz in our experiment, and the flow velocity inside the reactor is kept constant at ~8 m/s to ensure the photolysis of a fresh gas mixture for each laser pulse. 
Results
At 248 nm, the reported cross section of pyrrole 28 At room temperature, the absorption cross-section of bromoform 27 at 248 nm is 1.94 × 10 -18 cm 2 .
Bromoform is known to be an efficient precursor of CH radicals along with brominated fragments. A recent cavity ring-down absorption spectroscopy (CRDS) study 30 quantified the CH production efficiency three new dissociation channels are accessible as described 30 and indicated in Eq. 2 to 4 below:
Production of excited CH (A 2 ∆) state is not accessible by two-photon excitation and requires at least three photons at 248 nm. 30 The successive photodissociation scheme of CHBr 3 outlined above indicates that careful adjustment of the laser fluence is critical to produce preferentially CH (X 2 Π) while minimizing CH (A 2 ∆). The photodissociation leaves behind Br 2 molecules and radical species (CHBr, CHBr 2 , Br) that might react with pyrrole to form stable products. Dissociative ionization of the brominated species could also contribute to the ion signal at lower masses. 5 To our knowledge, kinetic data on the reactions of brominated radical species with pyrrole are unavailable. But, the reaction rate coefficients of the bromomethylidyne radical (CBr) with alkenes and alkynes at room temperature have been measured and found to be much smaller (< 10 -12 cm 3 molecule -1 s -1 ) [31] [32] [33] than for analogous reactions with CH radical (~10 -10 cm 3 molecule -1 s -1 ). 34, 35 Based on these observations, it is reasonable to assume that the reaction of CBr with pyrrole is at least 100 times slower than the CH with pyrrole reaction. Given our instrumental time resolution, the kinetic evolution of products from CBr with pyrrole could easily be resolved. Careful comparison of the time profiles of higher-mass species to m/z = 79 ion signal suggests that the contribution from dissociative ionization is negligible.
Below, we present the results for the reaction of CH with pyrrole at room temperature (295 K) and 90 °C (363 K) at 4 Torr (533 Pa). The reactions are also studied with CD radicals in order to shed light on the mechanism of the reaction. Moreover, the signal can be fit using a relative PIE curve for pyridine, acquired from a known pure sample, as shown by the black curve in Figure 5 (c). Since no additional thresholds are observed in the ion signal between 9.0 -10.2 eV, we conclude that the only isomer produced from the title reaction is pyridine. 
CH + C 4 H 5 N → pyridine + H

CD + C
Discussion
We have presented the direct identification of a ring expansion reaction involving the CH radical with the N-heterocyclic ring molecule, pyrrole. Our results demonstrate the addition of a carbon atom into the pyrrole ring, followed by hydrogen elimination, to form the resonance stabilized 6-membered ring molecule, pyridine. Moreover, the deuterated results suggest that a D atom is exclusively incorporated into the pyridine ring for the reaction of CD with pyrrole. In the first part of this section, we discuss the possible mechanism 37 for the reaction based on the experimental results, which can be summarized with Eqs. 5 and 6 below:
where C 5 H 5 N is pyridine and C 5 H 4 DN is d-pyridine. In the second part, we discuss possible implications for interstellar chemistry and planetary atmospheres, in particular Titan, as well as combustion chemistry. The authors conclude that the reaction is barrierless with a slight positive evolution of the rate coefficient with increasing temperature. The reaction is very fast and close to the collision rate.
Ring expansion reaction mechanism
Furthermore, this behavior suggests that a collision-stabilized association process is not involved in contrast to the reaction of OH with anthracene. 47 It is suggested that the reaction could probably lead to the formation of cyclopropa [b] anthracene assuming that the mechanism proceeds by the addition of the CH radical to the π-system of the molecule followed by a H atom elimination.
To our knowledge, no kinetic data are available for the reaction of the CH radical with pyrrole.
Based on the related previous studies, we can assume that the rate coefficient for the reaction of the CH radical with pyrrole is most certainly close to the collision limit, i.e. k ≈ 4×10 Eqs. 5 and 6. As discussed by Goulay and coworkers, 8 it is then reasonable to assume that the mechanism of the title reaction proceeds via the addition of the radical to a double bond forming a short-lived intermediate that subsequently decomposes to give the stable product, i.e. pyridine, with the elimination of an H atom.
Moreover, the use of CH and CD radicals in our study provides insight into the reaction mechanism following the formation of the initial adduct. As shown in the mass spectra of Figure   2 , the m/z = 79 mass peak is shifted by +1 mass unit when CH radicals are replaced by CD . From the CD + pyrrole reaction, which yields exclusively dpyridine, the mass spectra reveal that the final product retains the D atom within its structure. As a matter of fact, the N-H bond, which is present in the pyrrole structure, needs to be exclusively cleaved in order to form the pyridine ring as the final stable product. As seen in Table 1 , the N-H bond is indeed the weakest bond in the pyrrole molecule with a calculated bond dissociation energy (BDE) of 89.8 kcal/mol, 48 in good agreement with the experimental value of 88±2 kcal/mol. Note that the BDE of the C-H bond in pyridine on site 1 is slightly lower than the BDE on sites 2 and 3 in pyridine, in contrast with the C-H BDEs in pyrrole, which are almost equivalent for sites 1 and 2 (see Figure 1 for labels) . Also, the absence of hydrogen randomization supports the fact that selective bond cleavage occurs.
Based upon these considerations, a 4-step mechanism is proposed as depicted in Figure 6 reason that this pyridine-forming channel is the most exothermic and is favored.
An analogy can also be drawn from the study of Thiesemann and coworkers 49 on the reactions of CH/CD + C 2 H 4 . The small kinetic isotope effect measured and the characterization of the reaction path by density functional and QCISD(T) calculations strongly suggest that the mechanism of CH + C 2 H 4 is dominated by addition to the double bond. From the proposed mechanism in Figure   6 , the kinetic isotope effect for the deuteration of the CH radical, i.e. While the recent identification of benzene 53 on Titan strongly suggests that much more complex PAH synthesis 54 may proceed in the cold photoactive atmosphere, the presence of both pyrrole and pyridine, the simplest 5-and 6-membered N-heterocyclic aromatic molecules, has been indirectly inferred from several laboratory experiments 14, 15 simulating Titan tholins. 55 In comparison to a PAH homologue, calculations suggest that the inclusion of a nitrogen atom could facilitate ring formation by lowering ring closure barriers. 19 Because it is thought that PAHs are probably the most abundant sources of organic carbon in the Interstellar Medium (ISM), 56 it could also be argued that the presence of N atoms in such polycyclic aromatics could eventually favor molecular weight growth of much larger N-substituted PAHs.
Possible implications for Titan and combustion chemistry
Likewise, pyridine, compared to benzene, has a large proton affinity, which implies efficient proton transfer reactions as suggested in a recent study by Fondren and coworkers. 57 The authors observed induced fragmentation of the ring molecule by proton transfer and identified C 4 H 4 + and HCN as the main fragments with ions at higher recombination energies. 57 From their observations, the authors suggest that pyridine could be synthesized in the gas phase through the association reaction involving these two fragments. This ion-molecule reaction could play a significant role as a source of pyridine, given the fact that HCN is particularly stable and abundant in Titan's ionosphere. Note that the radical-molecule C 3 N + C 2 H 6 reaction is the one and only source of C 5 H 5 N in the model by Krasnopolsky. 4 Small hydrocarbon radical species like CH and C 2 H have been detected on Titan as well as the CN radical. These radical species are involved in a photochemical network with small molecules, e.g. C 2 H 2 , C 2 H 4 , C 2 H 6 or HCN, producing larger complex molecules. Identification of small polyatomic species is comparatively straightforward because of their abundances, the wealth of spectroscopic data and the utilization of high-level ab initio calculations. However, it is less obvious to identify larger chain and cyclic molecules due to the numerous possible isomers and multiple reaction pathways. 18 This situation renders interpretation of data collected by the Cassini Ion and Neutral Mass Spectrometer (INMS) more difficult for larger masses. 50 In that respect, 15 both kinetic and product detection studies, with isomeric specificity, are central to the identification of chemical pathways and determination of branching fractions in order to assess their relative importance to the formation of higher molecular weight species.
Our motivation to investigate the title reaction is not only based on the astrobiological importance of small N-bearing aromatic molecules but also from a fundamental point of view to examine the possibility of ring expansion reactions. Our product detection experiment demonstrates that the reaction of CH with pyrrole in the gas phase produces pyridine as the primary product through a ring expansion mechanism. Extrapolation of reaction mechanisms down to lower temperatures, such as in Titan's atmosphere, has the potential to be problematic, especially if the entrance channel is temperature sensitive. However, as a general trend, reactions with CH occur with rates close to the capture limit and have a negative temperature dependence. This behavior is consistent with a barrierless reaction where the rate limiting step is the formation of the adduct. 49 Therefore, even at lower temperatures encountered in the ISM or in the atmosphere of Titan, the cycloaddition of CH radicals to the π-system of pyrrole could lead to ring expansion and formation of the pyridine molecule through H atom loss. Also, the C 5 H 5 N isomer distribution might be temperature dependent. This result would imply a different molecular structure from the most stable 6-membered ring, for instance linear isomers. However, it could be argued that such a pathway would most probably involve a barrier to ring opening, which might favor the resonance-stabilized cyclic structure.
Because of the presence of CH radicals in combustion, the title reaction could play a role in converting gas-phase pyrrole molecules into pyridine, which are species involved in the combustion of coal and coal-derived fuels. For complete combustion processes, the ultimate fate of such aromatic "nitrogen fuel" is conversion into HCN molecules, partially responsible for the emission of NO. 20 However, incomplete combustion leads to the formation of soot particles, which is acknowledged to be another source of environmental pollution. The formation of these particles involves the construction of PAH "seeds" where N-heterocyclic aromatic species such as pyrrole and pyridine could most certainly have an important role to play.
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Conclusion
The gas-phase reaction of the methylidyne radical (CH) with pyrrole (C 4 H 5 N) has been studied in a slow flow reactor coupled to tunable VUV synchrotron at room temperature (295 K) and 90 °C (363 K), at 4 Torr (533 Pa). The Photoionization Efficiency curve of m/z = 79 ion signal identifies pyridine (C 5 H 5 N) as the primary product of the reaction. With deuterated methylidyne (CD), the product mass peak is shifted by +1 mass unit and no evidence of hydrogen randomization was found. In light of these results, a ring expansion mechanism has been proposed, which proceeds via the direct CH (CD) cycloaddition or insertion into the five-member pyrrole ring. Consequences for the photochemistry of Titan and combustion flame chemistry have also been indicated. Step 1 involves the addition of the methylidyne radical (CH) to a double bond in the heterocyclic 5-membered ring. In step 2, ring opening leads to the insertion of the C atom in the ring to give the allylic stabilized intermediate. Bond rearrangement in step 3 followed by H atom elimination from the nitrogen in step 4 leads to the formation of pyridine. This mechanism implies that the initial carbon atom in the CH radical is located on site 2 (see Figure 1 for label).
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Captions for Tables   Table 1: Bond dissociation energies (in kcal/mol) at 298 K: N-H bond in pyrrole and C-H bonds in both pyrrole and pyridine (see Figure 1 for labeling of the carbon atoms). 
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